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CaMPARI integrative calcium sensor can map activity in freely swimming fish 4 , but it requires perturbation through exposure to bright UV light, which causes aversive responses in adult fish 5 . Recording from unperturbed larval zebrafish is possible using aequorin bioluminescent imaging 6 , which can provide good temporal resolution, but spatial information is limited to the aequorin expression pattern.
Biochemical events that occur naturally as a consequence of neural activity can be used to identify active neurons in a behaving animal at cellular resolution. In mammals, the expression of immediate early genes (IEGs), such as c-Fos and Arc, has allowed the localization of neurons critical for diverse behaviors such as memory, sleep, fear, mating and drug addiction 7 . However, the techniques used have relatively poor temporal resolution and suffer from low sensitivity. Indeed, the low amount of baseline c-Fos staining observed in zebrafish brains 8, 9 and the relatively slow time course of c-Fos activation of 15-30 min and 1-2 h for mRNA and protein responses, respectively 8,10-14 , limit the applicability of c-Fos to the study of natural behaviors in zebrafish larvae. Here we used a more permissive endogenous sensor: phosphorylated ERK (also known as MAP) [15] [16] [17] . In response to depolarization, calcium influx activates the Ras-ERK pathway 18 , leading to the phosphorylation of transcription factors such as CREB and Elk, as well as IEG expression 19 . Therefore, phosphorylated ERK1/2 (pERK) can be used to localize active neurons 12, 15, 16, 20 and offers improved temporal resolution relative to mapping of IEGs, as signals are created within 5 min of activation 15, 16, 21 .
Activity maps are of limited utility unless they intersect with detailed neuroanatomical information 22 . Anatomical resources currently available for larval zebrafish are restricted to maps of fish at 2-4 d post-fertilization (dpf) (ViBE-Z 23 ) and two-dimensional images (http://zebrafishbrain.org and ref. 24) , from which it can be difficult to infer three-dimensional relationships. Therefore, In order to localize the neural circuits involved in generating behaviors, it is necessary to assign activity onto anatomical maps of the nervous system. Using brain registration across hundreds of larval zebrafish, we have built an expandable open-source atlas containing molecular labels and definitions of anatomical regions, the Z-Brain. Using this platform and immunohistochemical detection of phosphorylated extracellular signal-regulated kinase (ERK) as a readout of neural activity, we have developed a system to create and contextualize whole-brain maps of stimulus-and behavior-dependent neural activity. this mitogen-activated protein kinase (maP)mapping assay is technically simple, and data analysis is completely automated. Because maP-mapping is performed on freely swimming fish, it is applicable to studies of nearly any stimulus or behavior. here we demonstrate our high-throughput approach using pharmacological, visual and noxious stimuli, as well as hunting and feeding. the resultant maps outline hundreds of areas associated with behaviors.
The larval zebrafish brain has a size of <0.5 mm 3 and contains ~100,000 neurons. Despite their compact nervous systems and their age of less than 1 week, these animals are capable of a diversity of behaviors. These include swimming in three dimensions, escape maneuvers, visually guided hunting, learning and sleep 1 . To expand our knowledge of how the zebrafish brain is organized functionally and how it produces behavior, we need to identify the neurons and networks relevant to particular tasks. This can begin with measurements of neural activity correlated with behavior. To explore the full range of natural behaviors and to avoid artifacts of manipulation, one should ideally obtain such measurements with freely behaving animals. Calcium-imaging approaches allow nearly brain-wide imaging in larval zebrafish 2,3 , but they are limited to head-fixed animals and behaviors that can be performed under a microscope. The recently developed understanding neuroanatomical features in an activity map is difficult and unstandardized. Here we leveraged high-throughput confocal imaging and registration to create both a reference atlas and brain-wide activity maps.
RESULtS

Z-Brain, a zebrafish reference brain atlas
We chose to create our atlas using zebrafish at 6 dpf, in the oftenstudied age range of 5-7 dpf. Our goal was to include as many anatomical labels as possible, as well as a detailed segmentation. We registered confocal stacks of the brain to a template brain on the basis of expression of total ERK (tERK) ( Fig. 1) . For registration, we used the Computational Morphometry Toolkit (CMTK) 25, 26 . CMTK uses nonrigid registration and morphing algorithms to align imaging data and can achieve an accuracy of 3-4 µm (refs. 26, 27) . To quantify our registration accuracy, we used spinal backfills to label identifiable reticulospinal neurons in different brains ( Fig. 1b) . Measuring the position of axon emergence from four identified neurons (Mauthner and CaD neurons) yielded a 3D positioning error of approximately one cell-body diameter across registered brains (4.6 µm, mean absolute deviation, n = 23 fish). As the variability in distance between these two neurons in individual fish before warping was 3.2 µm, much of the estimated morphing error might reflect biological variability.
We registered 28 additional labels into the reference brain, for a total of 899 brains ( Supplementary Table 1 ). For each label we created a mean-across-fish stack, yielding pseudodensity maps highlighting the domains where labeled components typically reside (Fig. 1c,d and Supplementary Video 1). The accuracy of registration was again evident qualitatively in the overlap of labeled neurons, lamination in the tectal neuropil and a convergence of synaptic markers at the Mauthner axon cap (Supplementary Fig. 1 ). We used these labels, along with Mueller and Wullimann's classical reference atlas 24 , to guide the manual segmentation of the reference brain into 294 anatomical regions ( Fig. 1e and Supplementary Video 2) .
pERK is a reporter of activity in zebrafish neurons
To determine whether pERK can be used as an activity reporter in larval zebrafish neurons, we stained 6-dpf larvae with anti-pERK. Staining was enriched in the nervous system, and individual cells were evident throughout the brain (Fig. 2) . In contrast, staining for tERK was more homogeneous, although there was some regional variability in expression. Therefore, we normalized pERK levels to tERK levels (pERK/tERK) for all experiments. To confirm that pERK levels are dependent on neural activity, we optogenetically activated channelrhodopsin 2 (ChR2)expressing neurons and quantified pERK levels. Blue-light stimulation significantly increased pERK levels in ChR2-expressing npg neurons, including neurons in vestibular nuclei (Fig. 2b,c) , habenula, hypothalamus, ventral hindbrain and spinal cord (P < 2 × 10 −5 in all cases, Mann-Whitney test; data not shown).
To determine how well pERK reports activity, we performed calcium imaging on fish with pan-neuronal GCaMP5G expression 2 , which were stimulated with forward-moving gratings for 15-30 min. Such stimulation activates specific sets of midbrain and hindbrain neurons 28, 29 . Fish were then quickly fixed and stained. We re-identified the imaging plane on the basis of the Tg(elavl3:GCaMP5G) transgene by morphing the live imaging data into the post-fixation confocal stack ( Supplementary Fig. 2) . The calcium activity of a cell was significantly and consistently correlated with its pERK level ( Fig. 2d) (P < 1.5 × 10 −12 , n = 4 fish). In a different analysis of the same data, active neurons were highlighted on the basis of the correlation among their pixels 27 . Again, high pERK levels overlapped with active neurons ( Fig. 2e) . However, not all active neurons identified with two-photon calcium imaging showed high pERK levels, hinting at either npg cell-type differences in pERK activation or a nonlinear relationship between neural activity and pERK staining not revealed by our analysis. Also, some neurons with high pERK levels were not active during calcium imaging. These false positives may reflect neurons that were active outside of the imaging window (for example, signals created during agarose disembedding), neurons whose activity is not detectable by or that do not express GCaMP5G, or perhaps ERK signaling independent of neural activity 30 . We then analyzed the discriminability of pERK for active and inactive cells using the receiver operating characteristic (ROC) ( Supplementary Fig. 3a,b ). pERK performed substantially better than a random model, and discriminability of the pERK indicator increased with increasing levels of activity. Finally, we observed strong pERK signals in glutamatergic, GABAergic and glycinergic neurons (Supplementary Figs. 3c,d and 4) , indicating that none of the major cell classes is refractory to pERK activation. In summary, our findings indicate that pERK levels increase in many active larval zebrafish neurons and can be used as a reporter of activity in this system.
automated whole-brain neural-activity mapping
High baseline pERK levels make finding stimulus-or behaviordependent changes in immunostaining challenging. Additionally, potential false positive signals (arising in inactive neurons) necessitate careful comparisons with control samples to ensure that only activity-dependent signals are highlighted. For these reasons, we developed analyses to specifically localize sites of stimulus-or behavior-induced changes in pERK levels ( Fig. 1f-h) . Accurate registration of pERK-and tERK-stained brains to the Z-Brain using the tERK stain caused voxels belonging to equivalent physical locations in different fish to overlap. Thus we were able to localize anatomical areas showing differential activity by determining which voxels showed significantly higher or lower pERK levels across treatment and control groups. Using Z-Brain, we were able to then extract active anatomical regions and their corresponding labels from these neural-activity-based MAP-maps ( Fig. 1i,j) .
To test whether our approach can be used to identify changes in neural activity, we MAP-mapped fish treated with the GABA A receptor antagonist pentylenetetrazole (PTZ), which causes strong epileptic activity 6, 8, 9 . This analysis showed the expected widespread activation ( Fig. 2f, Supplementary Video 3 and Supplementary Data 1). Next we exposed fish to the sodium channel-blocking anesthetic MS-222 and observed the expected widespread suppression ( Fig. 2g, Supplementary Video 4 and Supplementary Data 1). This analysis also showed activation in parts of the MS-222-treated brain, suggesting that MS-222 acts as an olfactory stimulant. These control experiments indicated that our approach can identify areas of differential neural activity.
neural activity underlying visual behaviors
To assess the MAP-mapping approach in behaviorally relevant contexts, we analyzed the response to different visual stimuli. We subjected dark-adapted fish to a 10-s light pulse ( Fig. 2h , Supplementary Video 5 and Supplementary Data 1) and saw the expected strong signals in the retinal projection fields. Areas of activity were also evident throughout the brain, including in diencephalic areas containing Otpb-labeled neurons, which might reflect signals arising from Opn4a-expressing deep brain photoreceptors 31 . This light-pulse experiment allowed us to perform a pulse-chase experiment to determine the time course of the pERK signal. Consistent with results in rodent neurons 16, 21 , the signals in zebrafish peaked within 2-5 min of the stimulus and returned to baseline within 30 min ( Fig. 2i,j) .
We next analyzed the optomotor response (OMR), which causes fish to follow the direction of whole-field motion. We stimulated freely swimming fish with leftward-or rightward-moving gratings, which induced consistent turning in the direction of the motion (Fig. 3a,b and refs. 28, 29) . After 5 min of stimulation and behavioral recording, fish were fixed and MAP-mapped ( Fig. 3c,  Supplementary Video 6 and Supplementary Data 1). When we compared the activity induced by stimulation with rightwardmoving versus leftward-moving gratings, we found symmetrical lateralized activity, with the most prominent signals in the pretectum and in two clusters in the anterior hindbrain (aHB) that we referred to as the medial and lateral aHB. For comparison, we performed two-photon calcium imaging on Tg(elavl3:GCaMP5G) npg Figure 4 | Activity induced by aversive stimuli and by hunting and feeding. (a-d) MAP-maps obtained after fish were exposed to aversive stimuli for 15 min: (a) 10 µM mustard oil versus DMSO controls (n = 19 and 18 fish, respectively); (b) dish taps versus no-tap controls (n = 28 and 29 fish, respectively); (c) 37 °C heat versus room temperature (20-23 °C) controls (n = 23 and 21 fish, respectively); and (d) electric shocks versus no-shock controls (n = 21 fish for both groups). head-fixed larvae stimulated with leftward-or rightwardmoving gratings. Registration of the calcium activity onto Z-Brain showed activation of the same pretectum and aHB regions found by MAP-mapping ( Fig. 3d) , which validated our MAP-mapping results.
The activity in aHB overlapped with GABAergic cells labeled with Tg(gad1b:GFP) 32 in Gad1b cluster 1 and Gad1b stripe 1 of the Z-Brain (Supplementary Fig. 4a ). To follow up, we performed cellular-resolution analysis in Tg(gad1b:GFP) larvae stimulated with rightward-moving gratings. On the basis of measured pERK levels, gad1b:GFP cells were activated (Supplementary Fig. 4b ), whereas gad1b:GFP-negative neurons in these areas were not as strongly activated. These results describe motion-responsive activity across the brain and identify a new population of hindbrain neurons that may mediate the biased turning behavior induced by whole-field motion.
neural responses to aversive stimuli
Zebrafish larvae exhibit aversive responses to electric shocks 33 , acoustic stimuli such as dish taps 34 , the chemical irritant mustard oil and noxious heat 35 . We MAP-mapped the response to a 15-min exposure to each of these stimuli ( Fig. 4a-d, Supplementary  Videos 7-10 and Supplementary Data 1) . As all four stimuli are aversive, we asked whether any regions in the brain are activated or suppressed by all four stimuli ( Fig. 4e, Supplementary  Video 11 and Supplementary Data 1) . Areas showing activation by multiple stimuli were present more frequently than would be expected by chance (P < 1 × 10 −15 , χ 2 = 6.4 × 10 5 ), suggesting that a core network is activated by these stimuli. Specifically, all four stimuli led to activation of the locus coeruleus (Fig. 4f) , a region that regulates arousal and is activated by aversive stimuli in mammals 36 . Activation was also seen in the spinal cord and hindbrain, some of which overlapped with neurons labeled in the Tg(−6.7FRhcrtR:Gal4) line 37 (Fig. 4g) . These are a group of uncharacterized neurons that are likely inhibitory, as they lie in a domain containing mostly GABAergic and glycinergic neurons, according to the Z-Brain database (data not shown). In addition, we performed calcium imaging while delivering tap and shock stimuli (Fig. 4h) , which confirmed the strong activation of these cells. These experiments isolated activity induced by four aversive stimuli and genetically identified a population of neurons that may mediate general aversion behavior. neural activity during hunting and feeding Prey hunting is one of the remarkable behaviors exhibited by larval zebrafish. Although zebrafish respond to and engage in hunting of small prey-like spots when restrained 38 , the complete behavior including capture events and feeding can be studied only in freely swimming larvae. To study hunting-and feedingdependent activity, we allowed zebrafish to feed on paramecia for 1 h and MAP-mapped their activity relative to that of a nonfed control group (Fig. 4i, Supplementary Video 12 and Supplementary Data 1) .
Despite the complex nature of this stimulus and behavior, we observed a well-structured activity map. Z-Brain analyses (Supplementary Fig. 5 ) showed activation of the tectal neuropil and the nucMLF MeL/R neurons and surrounding neuropil, which have previously been implicated in prey capture 39 . We observed particularly strong activation of the area postrema, which, to our knowledge, has not been implicated in feeding behavior in zebrafish, although it is a well-known site of feeding regulation in mammals 40 . We also observed suppression in two regions in the dorsal-caudal hindbrain where glycinergic cells reside. The role of this suppressed area remains to be determined, but it serves as an example of the many previously unrecognized areas now implicated in this complex behavior.
Functional association analyses from pERK-stained brains
In total, our experiments provided us with pERK data for 820 fish brains in a variety of pharmacological and behavioral conditions. We wondered whether activity patterns across this array might reveal functional associations among brain regions. Inspired by functional connectivity analyses of functional magnetic resonance imaging and calcium-imaging data sets [41] [42] [43] , we explored this idea using independent-component analysis (ICA) (Fig. 5a) . ICA is designed to extract independent signals from linearly mixed observations 44 . In our context, we sought independent brain-wide activity patterns that combined to generate pERK signals. Our analysis yielded anatomically structured maps associating both proximal and distal brain regions (Supplementary Fig. 6 ). Some independentcomponent (IC) maps recapitulated known anatomical or functional circuitry such as a zebrafish motor network, including the reticulospinal system, nucMLF and spinal cord (Fig. 5b) .
Another IC contained the retinal arborization fields and may represent a visual network (Fig. 5c ). This IC also contained prominent signals in the left habenula and the interpeduncular nucleus, which are anatomically connected and responsive to light 45, 46 . Other ICs could serve as a basis for novel functional associations in the zebrafish brain. For example, we observed associations between specific forebrain and hindbrain nuclei and the midbrain torus semicircularis (Fig. 5d) , which receives octavolateral (lateral line and acoustic) input in teleosts 24, 47 . Close inspection of one nucleus in the rostral hypothalamus showed overlap with Tg(qrfp: GFP)-expressing neurons 48 . We found that these neurons sent prominent projections to the torus semicircularis, anatomically validating this functional association between brain areas. How precisely these ICA maps relate to anatomical and functional circuitry remains unclear, but our results foreshadow how large-scale unsupervised analyses of pERK-stained fish might help to unravel the organizational principles of the zebrafish brain. npg dISCUSSIOn pERK as a marker of active neurons pERK is an endogenous sensor that has been used to mark active neurons for more than a decade 15, 16 , and it can provide improved temporal resolution relative to that obtained with IEGs (Fig. 2i,j and refs. 16, 21) . Historically, pERK has been less widely used as an activity reporter than IEGs because it generally shows higher baseline staining in unstimulated brains. In our experiments, however, this perceived weakness was a major advantage: baseline activity provided an opportunity to find areas that were suppressed relative to control brains. Although pERK can serve as a useful activity marker, its relationship to activity is complex and dependent on the frequency and repetition of neural firing, and perhaps on cell type 21, 49, 50 . Thus, the pERK level is not a perfect representation of neural activity. For example, we did not observe OMR-induced activity in the reticulospinal system, although it has been observed with other methods 28, 29 . This might indicate that a negative bias exists in detecting activity signals from large-diameter neurons. Although pERK signals might not capture the entire activity pattern in the brain, they are a powerful tool for creating neural-activity maps for freely behaving animals and identifying candidate regions for further analyses.
Using image registration to create activity maps
Our MAP-mapping approach relies on the accurate registration of many brains to a common template to localize changes in activity. Registration-based analyses may work better for some cell types than others, depending on the stereotypy of neuron positioning in different animals. For example, the position of the Mauthner and CaD neurons is precise to within 4 µm, whereas etVmat2: GFP-labeled neurons in the medial tectum are much more variably positioned. We found fewer than 20 of these cells randomly distributed within a section of >5,300 µm 2 , suggesting that more than 90% of their possible territory is occupied by other cell types. A neuron's positional variability determines over what spatial scale its activity signals are diluted in registration approaches, influencing both signal-to-noise ratio and the resolution of the activity signal. In cases where the position of neurons is highly stereotyped, the resolution can be near-cellular. However, as all of the underlying confocal data used to generate MAP-maps are at cellular resolution, the activated neurons in the MAP-map signal can be identified in individual fish for cellular-resolution analyses.
Interfacing activity and anatomy in a reference atlas
Measuring activity is only the first step toward describing neural circuitry. Next one needs to put the activity in the context of the neuroanatomy, and ideally identify relevant neurons. Using the Z-Brain atlas as our reference brain provides a precise language to describe regions of activity, allows for direct comparisons across experiments, can identify labels for candidate neurons mediating behavior and can reveal brain-wide functional connectivity patterns. Such analyses will become even more powerful as more labels and activity maps are accumulated in the Z-Brain.
Our approach to creating the Z-Brain is conceptually similar to that used for the ViBE-Z atlas 23 , but we used a simpler imaging setup and the cross-platform CMTK registration software that can be implemented on a standard computer. Registration quality is accurate to approximately one cell-body diameter and has been validated across species [25] [26] [27] , different microscopes and even different imaging modalities; we have successfully registered two-photon imaging data into the Z-Brain, allowing us to directly compare MAP-mapping, calcium imaging and anatomical data.
The Z-Brain currently contains 29 labels and 294 segmented regions. Because this many-channel atlas would be cumbersome to visualize using standard visualization software, we built a simple web interface to browse the image data (http://engertlab.fas.harvard.edu/Z-Brain/) and a Matlab-based visualization program that performs multicolor overlays of many channels, rapidly switches between channels and performs click-to-define interrogation of the many anatomical regions (http://engertlab.fas.harvard. edu/Z-Brain/ and https://github.com/owenrandlett/Z-Brain). The Z-Brain is an expandable and editable platform that is open source and freely available. New regional definitions can be easily created, facilitating collaborative input and improvement. As any label of interest can be incorporated into the Z-Brain, the zebrafish community can rapidly expand the atlas by contributing additional anatomical or functional stacks.
In summary, our study presents the Z-Brain atlas and MAP-mapping as a technique for mapping neural activity in freely swimming fish. MAP-mapping has several features that have potential for wide use in characterizing brain regions and neurons that mediate behavior: it is rapid, high throughput and low cost, and it can be performed on freely swimming, unperturbed wild-type larvae, making it applicable for nearly any stimulus or behavior.
mEthOdS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
OnLInE mEthOdS
Subjects. Zebrafish larvae were raised in E3 media supplemented with 1 mM HEPES buffer, pH 7.0. Larvae and adult fish were maintained on a 14-h:10-h light:dark cycle at 28 °C. All protocols and procedures involving zebrafish were approved by the Harvard University/Faculty of Arts & Sciences Standing Committee on the Use of Animals in Research and Teaching. For MAP-mapping experiments, the fish to be compared were usually all siblings from the same clutch, grown at a density of ~0.5 fish/mL, and distributed randomly into treatment groups. In the few cases where a single clutch did not yield sufficient numbers, two clutches were pooled and then distributed randomly so as to avoid any clutch-specific effects. Transgenic fish lines used in this study ( Supplementary Table 1 ) have been described previously 2, 32, 37, 48, [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] , with the exception of Tg(elavl3: H2B-RFP). For this transgenic construct, H2B-RFP was cloned downstream of an AttR1-R2 cassette flanked by Tol2 arms and then placed under the control of elavl3 (HuC) cis-regulatory sequences via L-R recombination (Gateway cloning) with an AttL-flanked elavl3 entry clone 2 .
Immunohistochemistry. Because pERK is a fast indicator, fish need to be fixed as rapidly and consistently as possible across treatment groups. We quickly collected the fish by funneling the plate through a fine-mesh sieve and then immediately dropping the sieve into 4% paraformaldehyde (PFA) in PBS + 0.25% Triton (PBT). Fish were then immunostained using standard procedures. Briefly, fish were washed in PBT, incubated in 150 mM Tris-HCl, pH 9, for 15 min at 70 °C (ref. 65) , washed in PBT, permeabilized in 0.05% Trypsin-EDTA for 45 min on ice, washed in PBT, blocked in PBT + 1% bovine serum albumin (BSA) + 2% normal goat serum (NGS) + 1% dimethyl sulfoxide (DMSO), and then incubated overnight at 4 °C in primary and secondary antibodies in PBT + 1% BSA + 1% DMSO. The pERK antibody (Cell Signaling, 4370) and tERK antibody (Cell Signaling, 4696) were used 1:500. Other primary antibodies and dilutions can be found in Supplementary Table 1 . Secondary antibodies conjugated with Alexa fluorophores (Life Technologies) were diluted 1:500.
Confocal imaging. Imaging of stained tissue was done with an upright confocal microscope (Olympus FV1000, Zeiss LSM710 or Zeiss LSM780) using a 20×/1.0-NA (numerical aperture) water-dipping objective. Fish were mounted dorsal-side up in 2% (wt/vol) low-melting-point agarose (Invitrogen) and imaged at a voxel size of ~0.8 × 0.8 × 2 µm (x × y × z). To cover the entire brain, we acquired two imaging tiles and stitched them together using the Pairwise Stitching plugin in FIJI 66 . All fish to be analyzed in a MAP-mapping experiment were mounted together on a single imaging dish and imaged in one run to ensure that they were imaged with near-identical imaging conditions. Because all imaging was performed from the dorsal aspect, image intensity and quality were somewhat degraded in the more ventral regions of the brain.
Two-photon calcium imaging. For calcium imaging measurements and quantitative comparison with pERK levels (Fig. 2d,e ), 6-dpf Tg(elavl3:GCaMP5G) larvae were anesthetized in MS-222 and mounted in 2% low-melting-point agarose, and an anatomy stack was acquired at 1 × 1 × 2 µm voxel size while the fish were under anesthesia. We removed the anesthetic and imaged the fish in a single plane at 2 Hz using a custom two-photon microscope 29, 67 while presenting forward-moving gratings to activate neurons in the hindbrain. Regions of interest (ROIs) in the cell-body regions were generated using the watershed algorithm in Matlab. Activity within an ROI was detected as an event when the fluorescence Z-trace was above a threshold of 2, after application of a 1 × 5 moving-average filter in time. The total number of frames above the threshold was considered as the total time that neuron was active during imaging. After imaging, the fish were rapidly removed from the microscope, dissected out of the agarose and fixed in 4% PFA. After staining for pERK and tERK, we obtained confocal imaging stacks of the pERK level and the residual GCaMP5G expression. This GCaMP expression was used for registering the fixed data into the anatomy stack acquired live (Supplementary Fig. 2) . The correlation between total firing time and pERK level in each ROI was calculated with Matlab's "corr" function. To visually highlight active neurons, we calculated the correlation between each pixel's time series and the summed signal of an approximately cell-sized (15 × 15 pixel) square surrounding that pixel (similarly to ref. 27 ) and overlayed it with the pERK level in the registered imaging plane. Calculations for the ROC analysis and the area under the curve were performed with Matlab's "roc" and "perfcurve" functions.
For neural-activity measurements related to routine turns triggered by leftward-or rightward-moving sinusoidal gratings (Fig. 3d) , 6-dpf Tg(elavl3:GCaMP5G) larvae were paralyzed in α-bungarotoxin (1 mg/ml for ~60 s; Invitrogen) in E3 medium and embedded in 1.2% low-melting-point agarose (Invitrogen). Two-photon image stacks were acquired with an excitation pulsed Ti-sapphire laser tuned to 920 nm (Spectra Physics) while a flickering stimulus was projected from below with a digital light processing projector, which allowed simultaneous visual stimulation and detection of green fluorescence. In each experiment, images were acquired at 2.75 Hz, with a minimum of four repetitions per stimulus set and z-plane. We analyzed the resulting image time and depth series in Matlab to extract the positional origin of functional responses to leftward and rightward motion. We generated directional activity maps by dividing the average fluorescence change during stimulus presentation in one direction by the average fluorescence change in the opposite direction, at each voxel. Data from 17 fish imaged in the vicinity of the pretectum and anterior hindbrain (between 2 and 39 imaging planes per fish at 3-µm spacing) were registered to the Z-Brain. We combined the activity maps from all fish by calculating the average activity signal per pixel, and we smoothed them using the "Median_3D" filter in FIJI (x, y and z = 3, 3 and 2 pixels).
For tap and shock stimulation experiments (Fig. 4h) , 6-dpf Tg(−6.7FRhcrtR:Gal4VP16); Tg(uas:GCaMP5G) larvae 37 were paralyzed in α-bungarotoxin and mounted in 2% low-melting-point agarose. Three repetitions of alternating tap and shock stimuli were given at 30-s intervals, repeated in z-planes to cover the majority of the hindbrain at 3-µm z-steps. We delivered taps by striking the imaging platform with a solenoid (Guardian Electric 28P-I-12D). Electric shocks were 100-ms pulses of 15 V delivered over a 6-cm dish, with the anode and cathode aligned to the head and tail of the fish, respectively, to maximize responses 33 . We created activity maps by correlating the signal in each voxel with a vector representing the stimulus delivery convolved with an npg MAP-map calculation. Analysis was performed using FIJI/ImageJ 75 and Matlab (Mathworks). For MAP-map creation, post-warping pERK and/or tERK stacks are downsampled to resolutions in the x, y and z planes of 300, 679 and 80, respectively, and smoothed with a 2D Gaussian filter (σ = 2) using FIJI. This is done using the macro "PrepareStacksForMAPMapping.ijm." In Matlab, the Mann-Whitney U-statistic Z-score is calculated for each voxel, comparing between the two groups. The significance threshold is set using a false discovery rate (FDR)-based method, where 0.005% of control pixels would be called as significant. This is accomplished through the creation of a simulated control distribution of Z-scores using randomization of the voxel data into pseudogroups over 500 iterations and calculation of the FDR threshold value. If the absolute value of the treatment-versuscontrol Z-score is greater than this value, it is considered significantly different across the two groups, and the pixel is assigned an intensity equal to the difference in the median values of the groups (0:0.5 deta-median maps to 0:65535 intensity values). The voxel is color-coded according to its value (green denotes higher values and magenta denotes lower values in the treatment group). This analysis can be done with the "MakeTheMAPMap.m" Matlab function. For the projection images shown in the figures, the image lookup table was scaled linearly so that the saturation point was 60% of the maximum pixel intensity across the projection image. Unmanipulated MAP-maps were used for all quantitative analyses and can be downloaded from our website.
We calculated the intersection of aversive MAP-maps ( Fig. 4e ) by identifying which of the 4,928,427 brain voxels were significantly activated or suppressed across all four individual MAP-maps ( Fig. 4a-d) . The number of active voxels found was compared to chance levels of overlap using the χ 2 statistic (Matlab).
Analyzing MAP-maps with the Z-Brain atlas. To quantify the amount of MAP-map signal in the Z-Brain regions, we calculated the mean signal in each anatomical region and ranked the regions from highest to lowest average signal. This was done separately for the activation (positive) and suppression (negative) signals. In the regions that exhibited activity, we determined which Z-Brain label showed the most overlap with this signal by dividing the mean signal in the active voxels by the mean signal in the 50 voxels surrounding the region. Therefore, numbers greater than 1 indicated relative signal enrichment in the active voxels. The top five candidate cell-type labels were then listed, along with their enrichment signals. This analysis can be performed with the "ZBrainAnalysisOfMAPMaps.m" Matlab function.
Independent-component analysis.
For ICA across fish, the registered tERK and pERK stack for each fish were downsampled to x/y/z = 300/679/80 resolution and smoothed with a 2D Gaussian filter (σ = 2), in the same way as is done for MAP-mapping. The central brain (not including eyes, ganglia or olfactory epithelia) from each fish was then downsampled into 4.7-µm 3 voxels, yielding a pERK-level vector for each fish. Fish in which any of the voxels was not imaged (as a result of incomplete coverage) were excluded from the analysis. We normalized fish for overall brightness by dividing by the tenth-percentile intensity value, and we normalized voxels by subtracting the mean value across fish. The fish-by-voxel array was then analyzed for spatially independent components using FastICA (http://research.ics.aalto.fi/ica/fastica/, Version 2.5), with each fish treated as a signal and each voxel treated as sample, using the symmetric approach, "pow3" nonlinearity, retaining the first 30 principal components and calculating 30 ICs. Spatial (rather than temporal) ICA was chosen for three reasons: (1) the relatively slow nature of the pERKactivity indicator, which will limit the temporal separation of signals; (2) the complex nature of the stimuli and experiences of the individual fish, which may not yield strictly temporally independent signals; and (3) the number of voxels, which dwarfs the number of observations (fish) in the data set 76 . IC maps are displayed as the Z-score values of the IC signals. Analyzed fish included those given no specific stimulus-both control fish from all MAP-maps presented here (Figs. 2-4) and additional fish treated with vehicle controls in other experiments not presented here-fish sampled throughout different points of the day and night and fish given one of various stimuli. This third group of additional fish included 'treatment' fish from all MAP-maps ( Figs. 2-5 ) and other fish stimulated with electric shocks, light flashes, moving gratings, heat, mustard oil, melatonin, clonidine, nicotine, cocaine, ethanol and d-amphetamine.
Code access and supplementary software Instructions. The analysis code can be downloaded from the project website (http://engertlab.fas.harvard.edu/Z-Brain/). To report bugs and issues, please use the project github repository (https://github. com/owenrandlett/Z-Brain).
When running the Z-Brain viewer, ensure that the MaskDatabase. mat, AnatomyLabelDatabase.hdf5 and ZBrainViewer.m files are in a folder contained in your Matlab path, and then run the function "ZBrainViewer.m." Instructions on interacting with the data will be displayed on the screen.
Detailed instructions on the ZBrainViewer visualization options, as well as instructions on how to use the main MAP-map creating and analysis functions (MakeTheMAPMap.m and ZBrainAnalysisOfMAPMaps.m) are presented as headers of the functions.
